Impregnation and infiltration of fibrous materials by LC copolyester melts and the blends with viscous thermoplastic polysulphone were quantitatively described as unsteady and steady stages in terms of rheological characteristics of the melts using an equivalent capillary model. Addition of LC polyester to viscous thermoplastic melt noticeably enhances impregnation condition. Study of the melt flow through various capillaries demonstrated a development of the melt slippage at high shear rate along the capillary walls. Slippage phenomena may be important at the initial stage of impregnation but can be neglected for final stage due to low shear rate in the last case. On the other hand, at those conditions a yield stress of the melt may considerably complicate the impregnation process due to a drastic viscosity increase.
INTRODUCTION
Impregnation of reinforcing material (i.e. glass, carbon and aramid fibers) by liquid polymeric matrix is an important stage in the reinforced thermoplastics technology. When using advanced thermoplastics (aromatic polysulphones, polyetherketones, polyesterimides) as matrices, the main difficulty is to provide a sufficient impregnation rate for highly viscous melts of these polymers. Possible increase of impregnation temperature is restricted by thermal decomposition of polymers.
Nematic melts of liquid-crystal (LC) polymers have much lower effective viscosity and flow activation energies than most of commer-cial thermoplastics, that is a definite advantage for manufacture of articles with complicated geometry. Besides, LC thermoplastics exhibit outstanding mechanical performance, particularly in the direction of processing flow. The above factors make LC thermoplastics a very attractive material for polymer matrices in composites and as additives for commercial thermoplastics for strengthening and better processing [1, 2] . At present there are only a few works concerned with study of the flow of thermotropic polymers (LCP) and their blends with commercial thermoplastics through fibrous and porous materials with a complicated geometry of channels [1, 2, 3] .
The steady state flow through porous media is called infiltration, but sometimes "filtration" is also used for the same process although in fact it has no meaning of particles separation on any filter. Further we shall use the expression "infiltration" to distinguish it from impregnation because the latter is usually non-steady (transient) process with permanently changing position of a liquid front in time. In this paper, we have performed a comparative study of the flow of thermotropic polymers melts and their blends with some commodity thermoplastics through cylindrical channels and fibrous materials of various chemical nature. Some basic rheological properties of these polymer systems are also discussed due to principal importance of those for impregnation.
In fact, if the process of impregnation is conducted under constant pressure of impregnating liquid, the flow always has unsteady character up to the moment of the complete impregnation of the material. If the process is going on, the steady infiltration takes place. The steady process is more simple for rheological analysis and it would be reasonable to consider it firstly.
EXPERIMENTAL
For experiments we used two copolyesters of p-hydroxybenzoic acid and poly(ethylene terephthalate): PES-I (manufactured by Pilot Plant in the Institute of Chemical Fibers, St. Petersburg, Russia) and PES-2 (Rodrun manufactured by Unitika, Japan) with ratio of components 60:40 and 80:20, respectively. The transition temperatures of the crystal-LC phase to isotropic melt for PES-1 are ~ 250 and 320°C and for PES-2 ~ 280 and 400°C, respectively. All experiments with LC polyesters were performed in the nematic phase. For blends with LC polyesters we used a highly viscous amorphous aromatic polysulfone (PSF) prepared from bisphenol A and dichlorodiphenylsulfone with a T g~1 90°C and a melt index 7.2 and a poly(4-methyl-pentene-1) (PMP) of RT-18 grade (Mitsui Petrochemical Industries, Japan) with a melt index of 2.6 and T m = 235 -240°C. This industrial polyolefine has a processing temperature close to that of LC polyesters, but with much lower viscosity compared with PSF. For some comparative tests we also used poly(ethylene terephthalate) (PET) melt of fiber grade, appearing Newtonian behavior within rather wide ranges of shear rates and shear stresses. Prior to measurements, the polymers were dried under atmospheric pressure at 130 -140°C for 3 hours.
Four types of fibrous materials were used for infiltration experiments. Material I was an unwoven needle-punched material from Terlon fibers on a base of poly(p-phenylene terephthalamide), material II was a synthetic woven fabric from poly(amide benzimidazole) fibers, material III was a fabric made from aluminoborosilicate glass fibers, material IV was an unwoven material from carbon fibers (carbonized rayon mat Voilocarb). Prior to measurements, the glass fabric was heated at 390°C for 40 min to remove oil traces.
Rheological properties were studied with MV-3 capillary viscometer of melt indexer type [1] . We used capillaries with radii from 0.5 to 1 mm and l/d ratios of 10 to 40. A standard Bagley method was used to estimate the entrance losses [4] . The flow of the melt in steady (infiltration) and transient (impregnation) regimes were studied by the same capillary viscometer. In this case the capillary in the barrel's channel was replaced (1) , supporting net (2) , polymer melt (3) , plunge rod (4) , barrel (5) , hot barrel (6) and screw die (7) .
with a metallic net with meshes much larger than pores diameter in the fibrous material, thus their resistance to polymer flow was ignored. The samples from unwoven materials were cut to fit the barrel channel size and placed on this net inside the barrel. A sample from fabric was edgeclamped in the ring holder (see Fig. 1 ). To fix the porous structure of the fibrous material prior to the experiment, a sample from the unwoven material was held for 20 minutes at the same temperature and pressure as used for study of impregnation and infiltration processes.
In infiltration experiments we measured the volumetric flow rate of polymer melt passing through the fibrous material under study at several different pressures in the regime of steadystate flow. In impregnation experiments the displacement of the plunger under fixed load in time was measured. In this case the displacement velocity of the plunger slows down until complete impregnation of the sample. We have considered our results on the basis of the equivalent capillary model. For this aim the permeability, K, of the fibrous material were determined by passing a Newtonian PET melt through the fibrous material and calculating the flow rate from the Darcy filtration law [5] [6] [7] : (1) where Q is the volumetric flow rate, S the crosssection and L the thickness of a porous sample, p the applied pressure and h the melt viscosity. The porosity was calculated as e = 1-m/rW (where m is the mass of the sample, W the volume, and r the density of fibers constituting the fibrous material). For estimation of the equivalent radius R e of the fibrous material the following formula was used [8] :
This formula is derived from the Poiseulle equation for the flow through equivalent capillaries, and the relation between the average flow rate V = Q/S and the average volume rate of motion of fluid in the capillaries V c is given by V = V c .e [1] . In Tables 1 and 2 the parameters of the fibrous materials K, e and R e are shown.
The rheological properties of the melts were also studied using squeezing flow technique on DTMD linear dilatometer [3] . The principle of the method are described elsewhere [4, 9] . The sample was placed into a gap between plates of the silica rod and the bottom of the support chamber (Fig. 2) . The rod displacement in time t under normal constant force F action was measured. For power law liquid Upper plate (1), polymer sample (2) , and bottom plate (3). at constant squeezing force the shear stress, t R , and shear rate, γ · R , (on the rod edge) are calculated as follows:
Where H is gap between plates, H · the velocity of the moving plate, R the radius of the upper plate, and n the power law exponent. From Eqs. (4) and (5) it is obvious that the shear rate and stress in the gap continuously decrease during the experiment. As the shear stress reaches the yield stress of the melt, the rod ceases to move and the gap between plates remains constant. This value of the gap was used for direct calculation of the yield stress, t y [9] 
RHEOLOGY OF VISCOPLASTIC POLYMER MELTS
Rheological behavior of the LCP and their blends has some specific features, which may be of great importance for impregnation. The analysis of copolyesters melt flow through capillaries of different length has shown that results are invariant and the pressure drop at the entrance into the capillary is negligible in comparison with the total pressure applied to the polymer. It was also found that the LC copolyesters extruded through the channel does not swell on leaving the die. The observed behavior indicates that copolyesters are characterized by low elasticity [10] in contrast to significant role of that factor at flow of flexible-chain polymers. The flow curves for LCP noticeably differ from those for commodity thermoplastics that is shown in Fig. 3 . For LC polymer, the flow has a pronounced non-Newtonian character. As we go over to small t and γ · , the slopes of the flow curves noticeably increase, which indicates that the polyester exhibits a yield stress, t y . This effect is more pronounced with decrease of temperature. As the temperature increases, the position of the transition to viscoplastic behavior shifts towards smaller t y . Generally, however, the absolute values of t y were rather small for precise and reliable determination of t y by traditional methods. The yield stress, t y , in this case may be estimated using Caisson equation by extrapolating the data found from the flow curves to γ · = 0 [11] : (6) where α is a numerical coefficient.
As seen from Fig. 4 , the yield stress rapidly decreases when the temperature goes up. At temperature near the crystal-nematic transition, the t y value is in the range of 1300 -1500 Pa. At higher temperatures, near the isotropization point, t y can be on orders of magnitude 
Figure 3:
Flow curves for PES-1 (1) (2) (3) (4) (5) and PET (6) at: lower. Using squeezing flow technique, one may directly observe fast increasing of viscosity with decreasing the shear stress to the level of t y , and subsequent complete flow cessation for PES-2 and its blends (Fig. 5 ) . The values of t y obtained by this way are close to those estimated before from the Casson approximation. Flow of LCP -thermoplastics blends has also some specific features. Contrary to commodity thermoplastics, flow curves of the blends demonstrate a very strong viscosity anomaly, which is seen from for flow curves in Fig. 6 for blends PES-1 and PMP. In the studied shear stress range t > 5 kPa, flow for all blends obeys to the power law with values of the power index n = 0.5 -1. However, the behavior of pure polymers at a lower shear stress considerably differs: for PMP it is close to Newtonian flow, but PES-1 flow exhibits viscoplastic properties with yield stress. The blends of these polymers did not appear viscoplastic features, at least within the observed shear stress range. The concentration dependence of the polymer blends viscosity has been the object of extensive research [12] [13] [14] [15] . Both conventional polymer blends and blends of thermoplastics with LC polymers were studied in this respect. Deviations from the logarithmic additivity rule of viscosity are discussed in terms of interaction of components at the interface, or specific features of the morphology of a blend and slippage phenomena.
The dependence of the viscosity on the blend composition is shown in (1, 2) and limiting reduced pressure (3) versus temperature for copolyesters PES-1 (1, 3) and PES-2 (2). for small additives of PES-1 to PMP. This effect is virtually independent of temperature and tends to be more pronounced for higher t. In general, adding of the copolyester leads to a negative deviation log h versus c dependencies from the logarithmic additivity rule [12, 13] . We revealed [2] that for the blends under investigation the flow curves are effected by a capillary diameter, being moved to greater values of log γ · with decreasing the diameter. Formally, this is equivalent to the viscosity decrease. Regarding PES-1, this behavior is a result of the macromolecules orientation with increasing D/d, where D is the diameter of the viscometer chamber and d is the diameter of the capillary. In other words, this effect is connected with a viscosity anisotropy, inherent for LC polymers [4] . For heterogeneous blends PES-1 with PMP the acceleration of flow inside capillary can be promoted by slippage migration of the low viscous LC component to the periphery of the stream [16] and partial slippage along interfaces.
As an illustration, Fig. 7 depicts also the true log h(c) curves for blends (with the slipping effect correction). There is a linear or nearly linear decrease in log h with varying the composition of the blend; that is the simple logarithmic additivity law is observed [12, 13] . Since the slippage effect is more pronounced for high shear stress (log t > 3), it may be important for impregnation process mainly on the initial stage. The slippage may also take place at the interfaces between these incompatible polymers, and the larger the interface area, the greater the role of this effect. Obviously, this factor is responsible for the nonmonotonic change in slipping velocity, w, (Fig.8) depending on the PES-1 concentration. The maximum at w = 0.66 presumably corresponds to the phase inversion, i.e. when PES-1 becomes the matrix and co-existent morphology takes place for this composition (~ 65 % of PES-1). Fig. 8 contains also the experimental data for the yield stress of PES-2 and its blends with PSF at various temperatures, obtained by squeezing flow technique. The log t y (c) curves for PES-2 are non-monotonic and exhibit maxima for the definite blend composition. It is worth noting that as the temperature increases, the maximum shifts towards lower PES-2 concentrations and decreases in the absolute values. In spite of an absence of any evidence of viscoplastic behavior for the PSF melt, its blends containing even a small amount of PES-2 (5 %) exhibit the yield behavior. The concentration dependence of the yield stress resembles very much the corresponding dependence of the slippage velocity, shown on the same figure. This similarity may be connected with the common reason for both phenomena -namely with formation of the coexistent morphology and increased input of interface phenomena to the yield and slippage behavior.
The viscoplastic behavior in LC polymers is usually related [17] to the presence of defects (disclinations) appearing as a result of the domain structure existing in the LC melt in the rest state. In order to orient macromolecules in the direction of flow, one have to disturb up these defects. The reasons for the yield stress existence in the blends of LC polymers can be related both to an nonuniform orientation of macromolecules of LC polymer and to the formation of a heterophase emulsion featuring significant interface effects. The experiments have shown that the contribution of interphase interactions to the yield stress magnitude reaches a maximum in the blend containing 75 % PES-2. Obviously, the structural strength at this content reaches maximum that also corresponds to maximal slip velocity for flow of this composition. Thus yield stress and slippage may play a important role for impregnation of fibrous materials by viscoplastic polymer melts. In case of fine porous structures the capillary forces also should be taken into consideration, and the capillary pressure may even overcome the yield stress value. Normally, the impregnation process is carried out under pressure a few orders of magnitude higher than the capillary one [18] . 
Figure 8: Yield Stress (1-4) and slipping velocity (5-7) versus the composition for the blend PSF-PES-2 (1-4) and PMP-PES-1 (5-7) at (1) 280°C, (2) 290°C, (3) 300°C, (4) 310°C, (5-7) 250°C at log τ (1) 3.6, (2) 4, (3) 4.2.
phenomena, particularly the wetting of fibrous materials during impregnation by viscoplastic systems has not been studied yet in detail.
POLYMER MELT INFILTRATION THROUGH FIBROUS BED
According to the generally accepted model of filtration, the flow of liquid through a porous medium can be modeled by flow of the same fluid through a set of equivalent channels whose lengths are equal to the thickness of the sample of porous bed [2, [5] [6] [7] . In the first approximation, we assumed that all capillaries had the same average radius R e . The materials investigated in the present work have close values of porosity, e, but differ in permeability, K, and hench in R e ( Table 2) . It is worth noting that for the material I with random packing of fibers within the layers, K and equivalent radius, R e , are independent of the thickness of the sample contrary to other two woven materials II and III. For the last one, an increase in the number of layers of fabric results in a remarkable decrease in K and R e . These values also depend on the relative arrangement of fibers in neighboring layers of fabric. They are higher when the fibers in these layers are parallel than when in case of random orientation. The dependencies of the average infiltration rate V = Q/S on the reduced pressure p r = p/L for PES-1 and PES-2 and PET melts flowing through material I (randomly oriented fibers) are presented in Fig. 9 . The dependence log V-log p r for PET is linear and the slope of the corresponding straight line equals to unity, i.e. corresponds to a Newtonian liquid. For the PES-2, in the limit of large p r , and high temperatures, this dependence is also linear. Its slope, however, is higher than that of PET, due to the non-Newtonian character of the copolyester flow. For PES-1 a decrease in p r causes a drastic decrease in log V and, at enough low pressures it should result in a complete cessation of the flow through the fibrous material. Using equation similar to (6), as it was used to estimate t y , we have calculated the limiting values of the reduced pressure (p r ) y , below which PES-1 does not flow through the material. It can be seen from Fig. 4 that p r sharply decreases as the temperature increases. Assuming that the shear stress on the wall of the equivalent capillary is t y = (p r ) y R e /2 [14] , we calculated t y corresponding to (p r ) y . The resulting values are essentially the same as the values of t y determined from the measurement of PES-1 flow through capillaries.
Therefore, a drastic decrease in V with a reducing of p r can be attributed to the fact that shear stresses in material I approach the yield stress of the copolyester. When the temperature rises, the viscosity decreases and the flow rate of PES-1 grows, which results in shifting the curves log V -log p r towards higher V. Since the parameter V is proportional to the average shear rate in equivalent capillaries V c [2] , one can predict the dependence log V -log p r at any temperatures on the base of capillary viscometry data. Fig. 10 shows that for the blend PMP-PES-1 the functions log V -log p r are qualitatively similar to the flow curves of the blends (see Fig. 6 ). In the region of log p r < 8.4, the dependence of log V on log p r is weakened for PMP and its blends and more pronounced in the case of PES-1. This
68
Applied Rheology March/April 2000 1-3) and for PES-2 (4) (5) (6) and for PET (7) behavior of PES-1 is due to the fact that the shear stress operating in the space between fibers approaches the yield stress of the nematic melt. From Fig. 11 one can conclude how the infiltration rate and the reduced pressure vary depending on the blend composition. The infiltration rate increases noticeably with increasing PES-1 content in the mixture. This effect is stronger at low content of PES-1 and at higher p r . For example, addition of 20 % PES-1 to PMP increases the infiltration rate by factors of 1.6 and 3 at log p r = 8 and 9.2, respectively. An increase in PES-1 concentration lowers the flow resistance, leading to decrease of the applied pressure required for maintaining the prescribed infiltration rate.
It is of interest to obtain a quantitative description of the flow in terms of rheological characteristics of melts, using such parameters of fibrous materials as permeability and porosity. For this purpose, we used the theoretical approach developed in [8] for a flow of inelastic liquid through porous medium. In this approach, the flow was assumed to obey the power law (3). In this case, the infiltration process can be described by the modified Darcy equation (7) where k and n are parameters of the power law and N is a factor of non-Newtonian character of the flow through porous medium determined as follows:
To apply the equation (7) to the analysis of experimental dependencies V versus p r , it is necessary to use experimental data on melts flow under conditions when the shear stresses are close to t in equivalent capillaries. In the cases where the dependence log t -log g is nonlinear, it should be approximated by several linear sections, each section being characterized by certain values of k and n. The dashed lines in Fig. 9 correspond to the calculated dependencies log V -log p r for PES-1 and PES-2 flow through the material I. Further, the dashed lines in Fig. 10 show relationship log V -log p r for PES-1 and its blends with PMP as calculated from the results presented in Fig. 5 . The calculated curves depart from the experimental ones not more than by 20 -30%. Although the slippage effects at 270°C were not studied directly, it may be assumed by analogy with the corresponding data at 250°C that their role at t = 10 -10 4 Pa is insignificant. This assumption renders it possible to calculate the dependence log V -log p r from the flow curves obtained for the flow through a capillary die.
This proposed theory may be used for predicting, with reasonable accuracy, the flow of melts through fibrous materials using equation (7) . Within the studied region of reduced pressures (log p r = 8 -10) the curves log V -log p r for flow through materials II and III are practically linear [2] . The comparison of the experimental V e and predicted V c infiltration rates presented in Table 3 shows that the experimental flow rates for both polymers are fairly close to the calculated values. This result supports the concept of the equivalent capillaries in the analysis of flow of liquid-crystalline polymers through woven materials with at least two types of "pores": (1) formed by threads and (2) interfilament spaces inside the threads. On the microscopic level, the flow of LC melts through disordered or ordered fibrous materials is rather complicated and often results in their fibrilation due to orientation process. However, the flow of fluid between threads and filaments has multidimensional nature. This explains the effect of weakening differences in the rheological characteristics in directions different from the direction of the main flow and greatly facilitates quantitative theoretical analysis, as we can consider the flow of liquid-crystal polymers through disordered and ordered fibrous materials as flow through porous medium with equivalent channels. The radii of the channels, as it is seen from Tables 1 and 2 , are comparable to the radius of the fibers. Thus, the study of steady-state infiltration of LC melt through fibrous bed showed that for rheological analysis of LCP melt infiltration the model of equivalent capillaries developed for non-polymer liquids is successfully working. In most practical cases a real impregnation process is a slow and unsteady flow with gradually decreasing values of the shear rate and shear stress, and viscoplastic phenomena may seriously effect on impregnation kinetics.
IMPREGNATION AND ITS MODELING
The impregnation of a fibrous material at constant pressure ceases when the shear stress at the impregnation front is reaching the level of shear stresses corresponding to the yield stress and can be resumed by either increasing the applied stress, or reducing the yield stress (e.g. by increasing the temperature, provided that this parameter significantly affects t y ). For investigation of the process in this region we suggested the squeezing flow technique in a constant force mode whereby the effective shear stress and shear rate decrease in the course of the experiment, i.e. they to a certain extent may serve as model of the impregnation process. Coming from the Poiselle law for capillary flow, the impregnation depth, l, and duration, t, for a Newtonian liquid are related by the following equation: (9) From this formula we derive (10) Thus, for the Newtonian fluid a plot of log l 2 /P versus log t should represent a straight line with a slope of unity. Fig. 12 demonstrates the kinetics of impregnation for material I by PSF and PSF blends, containing 10, 25, and 50 % PES-2. The most viscous system is PSF, and the minimum viscosity is observed for the PSF blend containing 10 wt % of PES-2. In the used approach, we took into account the relation between the measured rod displacement, h, and the impregnation depth as l = h/ε. The corresponding dependence for PSF is well approximated by a straight line with a slope close to unity. For the blends in the initial stage the dependence is also very close to linear, but the slope is slightly differs from unity. As the impregnation time increases (or the shear stress decreases), the impregnation rate slows down and the dependence log l 2 /p versus log t considerably deviates from linearity. This result indicates that the viscosity increases when the shear stress approaches the yield stress. For more precise analysis of non-Newtonian behavior of the melt, we used a relationship proposed in [19] for the power-law liquid (11) In this equation dl/dt is the impregnation rate, k and n are parameters of the power law (3). Integration of this equation gives (12) Assuming factor in this relationship to be constant during experiment and denoting it as z , we get (13) or (14) It is obvious from the last equation that impregnation kinetics curves for power-law liquids should be straight lines with a slope equal to unity regardless of temperature and pressure. For theoretical prediction of impregnation depth (or time) it is necessary to know parameters of power law equation for liquid, equivalent capillary radius for fibrous material and pressure drop. It should be mentioned that z value is extremely sensible to errors in viscosity data. for the deviation are errors in estimation of the equation parameters (14) , neglecting the viscoelastic nature of liquid and slippage effect.
Dependencies of effective viscosity on shear stress for PES-2 melt and its blends with PSF, calculated from impregnation in comparison with results obtained by squeezing flow technique and rotational viscometers are shown in Fig. 5 . At the last stage of impregnation the shear stress may be about 2.5 Pa, and these stresses are reachable by squeezing flow technique. Below these stresses the considerable increase of the viscosity for PES-2 and particularly for the blends with PSF is observed due to approaching the yield stress. The results obtained prove applicability of equivalent capillary concept for estimation of absolute rheological parameters of polymer melts even obeying the viscoplastic behavior during impregnation in the case of unsteady flow. But in many cases it is necessary to remember that fibrous materials under pressure may gradually change their capillary structure that can result in changing of capillary parameters. These changes should be taken into account.
CONCLUSIONS
Flow of LC-copolymers and their blends depending on their compositions and temperature is characterized by viscoplastic behavior with a pronounced yield stress and slippage phenomena. The flow rate of the melts under impregnation through a fibrous material can be quantitatively fairly well described in terms of viscosity characteristics of the melts and an equivalent capillary model proved to be applicable for the both unsteady and steady stages. Study of the flow for LCP melts and some blends on their base through various capillaries demonstrated a development of the melt slippage at high shear rate along the capillary walls, but this phenomena may be neglected for impregnation process due to low shear rate in the last case. On the other hand, at those conditions a presence of a yield stress may considerably complicate the behavior of these systems due to the drastic viscosity increase. Capillary forces and other surface phenomena may play an important role in the impregnation process and more experiments should be carried out in this direction further. present time has been working as a leading research associate and head of the reseat group in the laboratory of polymer rheology at the Institute of Petrochemical Synthesis, Russian Academy of Sciences. Research interests include rheology of polymer solutions and melts, liquid crystalline polymers, multicomponent polymeric systems, physical properties of polymers, P-V-T characteristics of polymers and their blends.
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